In light of the recent LHC Higgs data, we examine the parameter space of type II two-Higgsdoublet model in which the 125 GeV Higgs has the wrong sign Yukawa couplings. Combining related theoretical and experimental limits, we find that the LHC Higgs data exclude most of the parameter space of the wrong sign Yukawa coupling. For m H = 600 GeV, the allowed samples are mainly distributed in several corners and narrow bands of m A < 20 GeV, 30 GeV < m A < 120 GeV, 240 GeV < m A < 300 GeV, 380 GeV < m A < 430 GeV, and 480 GeV < m A < 550 GeV.
I. INTRODUCTION
The two-Higgs-doublet model (2HDM) [1] is a popular extension of the SM by introducing another SU(2) L Higgs doublet, which contains neutral CP-even Higgs bosons h and H, neutral pseudoscalar A, and charged Higgs H ± . There are four typical 2HDMs in which the flavor changing neutral currents at tree level are absent, namely the type-I [2, 3] , the type II [2, 4] , the lepton-specific, and the flipped models [5] [6] [7] [8] . In the type II model, the Yukawa couplings of leptons and down-type quarks can be enhanced by a factor tan β. Therefore, the flavor observables and the LHC searching for Higgs can give more strict restrictions to the type II model than the other three models. In the type II 2HDM, the 125 GeV Higgs can have a wrong sign Yukawa coupling besides a SM-like coupling. Compared with the SM, at least one of the Yukawa couplings of the 125 GeV Higgs has an opposite sign to the couplings of gauge bosons, which is extensively studied in Refs. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
At the beginning of 2017, we used the LHC Higgs data at that time to explore the parameter space of type II 2HDM, and found that the H/A → τ + τ − and A → hZ modes can give strong restrictions on the parameter space of the wrong sign Yukawa coupling [22] .
Very recently, Refs. [23, 24] examined the parameter space with degenerate heavy Higgs masses in the framework of this model. In this work, we will re-examine the wrong sign Yukawa coupling in the type II 2HDM, and scan over the parameter space extensively by considering the recent ATLAS and CMS Higgs data.
Our work is organized as follows. In Sec. II we introduce the type II 2HDM briefly. In Sec. III we implement detailed numerical calculations. In Sec. IV, we display the allowed parameter space by considering the relevant theoretical and experimental restrictions. In Sec. V, we provide our conclusions.
II. TYPE II TWO-HIGGS-DOUBLET MODEL
The scalar potential with a softly broken discrete Z 2 symmetry is given by [25] 
We focus on the CP-conserving case in which all λ i and m 2 12 are real. The two complex Higgs doublets have the hypercharge Y = 1:
In the above formula, v 1 and v 2 are the electroweak vacuum expectation values (VEVs) with v 2 = v 2 1 + v 2 2 = (246 GeV) 2 and tan β = v 2 /v 1 . After the spontaneous electroweak symmetry is broken, we get five physical Higgs particles, two neutral CP-even h and H, one neutral pseudoscalar A, and a pair of charged scalars H ± .
The Yukawa interactions can be given as
The neutral Higgs Yukawa couplings normalized to the SM are as follows.
The Yukawa interactions of the charged Higgs are given as,
in which i, j = 1, 2, 3.
The neutral Higgs couplings with gauge bosons normalized to the SM are
with V denoting W or Z.
In type II 2HDM, the SM-like Higgs has not only the SM-like coupling but also the wrong sign Yukawa coupling,
In case of the SM-like coupling, the 125 GeV Higgs couplings are very close to those in the SM , which has an alignment limit. Now we introduce the wrong sign Yukawa coupling.
The absolute values of y f i h and y V h should be close to 1.0 because of the restrictions of 125 GeV Higgs signal data. So we obtain
Here | ǫ | and | cos(β − α) | are much less than 1. From Eq. (4), we can get
In type II 2HDM, the constraints of B-meson and R b require tan β to be greater than 1, which leads to κ d < −1, κ ℓ < −1, and 0 < κ u < 1. Therefore, there is no wrong sign Yukawa coupling for the up-type quark and may exist wrong sign Yukawa couplings of the down-type quark and lepton for sin(β − α) > 0 and cos(β − α) > 0. Because of the factor "-2" in the numerator in Eq. (9), cos(β − α) and tan β in the wrong sign Yukawa coupling region are greater than those in the SM-like coupling region.
III. NUMERICAL CALCULATIONS
We choose the light CP-even Higgs boson h as the SM-like Higgs with the mass of 125
GeV. The branching ratio of b → sγ gives stringent restrictions on the charged Higgs mass of the type II 2HDM, which requires m H ± > 570 GeV [26] .
In the calculation, we take account of the following constraints and observables:
(1) The electroweak precision data and theoretical constraints. We use the 2HDMC [27] to consider the theoretical constraints from the vacuum stability, unitarity and perturbativity, and calculate the oblique parameters (S, T , U). We take the recent fit results for S, T , U in Ref. [28] , S = 0.02 ± 0.10, T = 0.07 ± 0.12, U = 0.00 ± 0.09,
with correlation coefficients,
(2) The heavy-flavor observables and R b constraints. We use SuperIso-3.4 [29] to calculate the branching ratio of B → X s γ. ∆m Bs is calculated following the formulas of Ref. [30] . Furthermore, we consider the R b constraints of bottom quarks in Z decays, which is calculated following the formulas of Refs. [31, 32] . Recently, the R b observable is also considered in some works on the 2HDM [33, 34] (3) The 125 GeV Higgs signal data. We use the version 2.0 of Lilith [35] to perform the calculation of χ 2 for the 125 GeV Higgs signal data combining the LHC run-I and run-II data (up to datasets of 36 fb −1 ). We are particularly concerned with the surviving samples for χ 2 − χ 2 min ≤ 6.18, in which χ 2 min is the minimum of χ 2 . These samples are within the 2σ range in two-dimensional plane of model parameters.
(4) The LHC searching for additional Higgs bosons. We use the HiggsBounds-4.3.1 [36, 37] to perform the exclusion limits from the Higgs searches at LEP at 95% confidence level.
At the LHC run-I and run-II, the ATLAS and CMS have searched the additional Higgs via its decaying into various SM modes and some exotic channels. Because of the destructive interference contributions to gg → A production which come from the top-quark loop and the bottom-quark loop in the type II 2HDM, the cross section decreases with the increasing tan β, and reaches a minimum value for a moderate tan β, which is dominated by the bottom-quark loop for a large enough value of tan β.
The cross section of gg → H production not only depends on tan β and m H , but also sin(β − α). We calculate the cross sections for A and H in the gluon fusion and bb-associated production at NNLO in QCD via SusHi [38] . The cross sections of H via vector boson fusion process is derived from the data at LHC Higgs Cross Section Working Group [39] . We use the 2HDMC to calculate the branching ratios of various decay channels of A and H. In Table I and Table II 
IV. RESULTS AND DISCUSSIONS
A. The constraints from the oblique parameters and the 125 GeV Higgs signal data In Fig. 1 , we display the allowed m A and m H under the constraints of theory and oblique parameters. Since the branching fraction of b → sγ imposes a lower bound on the mass of H ± , m H ± > 570 GeV [26] , we take 570 GeV ≤ m H ± ≤ 900 GeV. When one of m A and m H is very closed to m H ± , the contributions of 2HDM to the oblique parameters are sizably suppressed, and the other is allowed to have a large mass splitting with m H ± . Therefore, as shown in Fig. 1 , it is unfeasible that both m A and m H are less than 480 GeV, and at least one of A and H is required to have a greater mass. When one of m A and m H is about 600
GeV, the other may have a large mass range, especially for a low mass. However, when m H is much greater than 600 GeV and even m H = m H ± , m A cannot be very small. The main reason is from the requirements of vacuum stability,
To better understand the point, we simply assume a very small cos(β − α), and obtain the following relations [18] ,
with t β ≡ tan β, s β ≡ sin β, and c β ≡ cos β. The first two requirements in Eq. (12) are simultaneously satisfied for m 2 12 − m 2 H s β c β → 0, and the last two are respectively satisfied for
The right relation of Eq. (14) implies that m A could not be very small for a very large m H .
The Eq. (14) is obtained in the two limits, cos(β − α) → 0 and m 2 12 − m 2 H s β c β → 0. In this paper, we perform exact numerical calculation on the requirements of vacuum stability.
The bounds of Eq. (14) can be appropriately loosened by tunning cos(β − α), t β , and m 2 12 . Using the survival samples in Fig. 1 and imposing the restrictions of the 125 GeV Higgs signal data, we obtain the scatter plots of tan β and sin(β − α) in Fig. 2. From Fig.   2 , we see that the 125 GeV Higgs data can give very stringent constraints on tan β and sin(β − α). As discussed above, the Yukawa coupling with wrong sign can be achieved only for sin(β − α) > 0. In the left panel of Fig. 2, tan β and sin(β − α) are respectively required to be larger than 5.0 and as low as 0.94 in case of wrong sign couping. When the SM-like coupling is applied, sin(β − α) is restricted to exist in two very narrow bands of 0.994 ∼ 1.0 and −1.0 ∼ −0.99993, which can be seen in the left and right panels of Fig. 2 . For a given sin(β − α), tan β is imposed a lower limit in case of the Yukawa coupling with wrong sign, and it is required to be as low as 1.0 in case of the SM-like Higgs coupling.
In order to explicitly show the dependence of m A (m H ) on the other parameters and the specific excluded parameter space from each channel, we do not scan over m A and m H simultaneously. In the following discussions, considering the allowed Higgs mass spectrum shown in Fig. 1 , we will respectively set m A or m H as 600 GeV, and the other can have a wide mass range, especially for the low mass. Since heavy Higgs can avoid the restrictions of the LHC direct searches easily, the Higgs with a moderate and low mass is more interesting.
We scan the parameters for wrong sign Yukawa coupling in the following two scenarios: 
The free parameter m 2 12 is adjusted to satisfy the theoretical constraint. Here we take the conventional method [27] , 0≤ β ≤ π 2 and − π 2 ≤ β − α ≤ π 2 . Namely, 0 ≤ cos(β − α) ≤ 1 and −1 ≤ sin(β − α) ≤ 1.
B. Constraints on scenario A
Now we extract the allowed parameter space of scenario A after considering the jointly constraints from pre-LHC (namely the theoretical constraints, electroweak precision data, the flavor observables, R b , and the exclusions from searches for Higgs at LEP), the 125 GeV Higgs signal data, and the searches for additional Higgses at the LHC. The surviving samples are projected on the planes of m A versus tan β and m A versus sin(β − α) in Fig. 3 .
In case of wrong sign Yukawa coupling, the restrictions mentioned above require tan β > 5. Compared with the results of Ref. [22] , the recent LHC Higgs data reduce the parameter space sizably. For m H = 600 GeV, the whole range of m A < 700 GeV is allowed in Ref. [22] , while m A is only allowed to vary in several ranges in this paper, m A < 20 GeV, 30 GeV < m A < 120 GeV, 240 GeV < m A < 300 GeV, 380 GeV < m A < 430 GeV, and 480 GeV < m A < 550 GeV. For m A = 600 GeV, the whole range of m H < 700 GeV is allowed in Ref. [22] , while m H < 470 GeV is required in the paper. Such differences are mainly caused by the experimental data of gg/bb → A → hZ from Refs. [71, 72] , which are not included in
Ref. [22] .
V. CONCLUSION
We have studied the status of wrong sign 
